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Abstract 

During  the  past  decade,  interest  in  gas-phase  pollution  control  has  greatly  increased, 
arising  from  a  greater  respect  for  the  environment,  more  attention  to  the  impact  of  environmental 
pollution,  and  a  larger  body  of  regulations.  A  promising  set  of  methods  now  being  applied  to  gas- 
phase  pollution  abatement  is  non-thermal  plasma  (NTP)  technologies.  These  plasmas  are  useful 
for  generating  highly  reactive  species  (e  g.,  free  radicals)  which  readily  decompose  entrained 
pollutants  in  atmospheric-pressure  gas  streams.  Such  plasmas  can  generate  both  oxidative  and 
reductive  radicals  -  showing  promise  for  treating  a  wide  variety  of  pollutants,  in  some  cases 
simultaneously  decomposing  multiple  species.  In  this  chapter,  we  will  discuss  the  removal  of  gas- 
phase  volatile  organic  compounds  (VOCs)  by  two  types  of  electric-discharge-driven  NTPs: 
dielectric-barrier  (silent)  discharges  and  pulsed  corona  discharges.  These  two  types  of  discharges 
are  easily  operated  at  atmospheric  pressure  or  above,  thereby  having  a  high  process  throughput 
compared  to  low-pressure  NTPs.  Our  main  discussion  topics  are  example  applications  of  the 
technology,  representative  plasma  reactors,  reactive  species  generation,  basic  decomposition 
chemistry,  typical  experimental  results  which  illustrate  specific  energy  requirements  for  the 
decomposition  of  example  pollutants,  simple  analytical  removal-scaling  models,  and 
decomposition  energy  cost  and  optimization  considerations.  Historically,  NTPs  have  also  been 
applied  to  the  removal  of  oxides  of  sulfur  (SOx)  and  nitrogen  (NOx)  by  both  energetic  electron- 
beam  and  electric-discharge  NTP  reactors.  Those  topics  will  not  be  treated  in  this  chapter;  for 
more  information  on  de-SOx/de-NOx  and  electron-beam  reactors,  the  reader  is  referred  to  the 
large  body  of  existing  literature  on  these  subjects. 
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10.1  Introduction 


10.1.1  Background  of  Dielectric-Barrier  and  Pulsed-Corona  Discharges  for  Environmental 
Applications 

In  the  past  decade,  interest  in  non-thermal  plasmas  (NTPs)  has  grown  considerably 
because  of  their  applications  to  pollution  control  and  hazardous  waste  treatment.  In  many  cases 
this  interest  has  been  stimulated  by  a  heightened  concern  over  the  pollution  of  our  environment 
and  more  stringent  environmental  regulations  (e.g.,  in  the  U.S,  the  Clean  Air  Act  Amendments  of 
1990).  NTPs,  which  generate  highly  reactive  species  such  as  free  radicals,  show  particular 
promise  for  the  treatment  of  gas-phase  hazardous  and  toxic  pollutants  (e.g.,  volatile  hydrocarbons 
and  halocarbons  and  oxides  of  nitrogen  and  sulfur)  because  the  reaction  rates  of  free  radicals  with 
many  compounds  can  be  orders  of  magnitude  larger  than  strong  oxidizers  like  O3  or  H202. 

A  non-thermal  plasma  (also  called  non-equilibrium  plasma)  is  characterized  by  electrons 
which  are  not  in  thermal  equilibrium  with  the  other  gas  species.  The  electrons  are  hot  (~  few  - 
10s  eV  temperature),  while  the  ions  and  neutral  gas  species  are  cold  (near-ambient  temperature). 
Such  plasmas  are  good  sources  of  highly  reactive  oxidative  and  reductive  species,  e.g.,  0(3P), 
OH,  N,  H,  NH,  CH,  CH3,  H02,  O3,  02  (*A),  and  plasma  electrons.  Because  radical-attack 
reaction  rate  constants  are  very  large  for  many  chemical  species,  entrained  pollutants  are  readily 
decomposed  by  NTPs.  Using  these  reactive  species,  one  can  direct  electrical  energy  into 
favorable  gas  chemistry  through  energetic  electrons,  rather  than  using  the  energy  to  heat  the  gas. 
NTPs  are  commonly  created  by  an  electrical  discharge  in  a  gas  or  the  injection  of  an  energetic 
electron  beam  into  a  gas  [10.1].  Secondary  plasma  electrons,  with  a  distribution  of  electron 
energies  defined  by  an  average  electron  energy  (or  electron  temperature),  are  created  by  either 
method. 

The  electric-discharge-driven  NTP-initiation  of  chemical  reactions  has  a  history  of  nearly 
one  and  one-half  centuries.  As  exemplified  by  the  generation  of  ozone  in  a  dielectric  barrier 
discharge  by  von  Siemens  [10.2],  reactions  of  benzene  in  a  corona  discharge  by  Bertholot  [10.3], 
and  the  work  of  Glockler  and  Lind  [10.4],  Four  useful  reviews  on  the  use  of  NTPs  for  bulk- 
volume  plasma  chemical  processing  are  Eliasson  and  Kogelschatz  1991  [10.5],  which  primarily 
concentrates  on  the  synthesis  of  ozone  with  silent  electrical  discharges  -  but  briefly  deals  with 
other  applications  (flue-gas  and  hazardous-waste  treatment)  as  well;  Kogelschatz  et  al  1997 
[10.6],  which  covers  the  silent-discharge  applications  of  ozone  synthesis,  excimer  lamps,  plasma 
displays,  C02  lasers,  pollution  control,  surface  modification,  and  greenhouse  gas  recycling;  Chang 
et  al  1991  [10.7],  which  reviews  various  NTP  reactors,  plasma-processing  chemistry,  and 
pollution-control  applications;  and  Rosocha  &  Korzekwa  1999  [10.8],  which  covers  non-thermal 
plasma  destruction  of  pollutants  in  the  context  of  an  Advanced  Oxidation  Technology  (AOT). 

The  history  of  treating  hazardous  and/or  toxic  chemicals  with  NTPs  goes  back  over  twenty 
years  to  military  applications  for  destroying  toxic  chemical  warfare  agents  with  electric  discharge 
reactors  and  civilian  applications  for  treating  flue  gases  (SOx  and  NOx)  from  electric  power  plants 
and  other  installations  (e.g.,  steel  mills)  with  electron  beams. 

The  military  applications  focused  on  the  removal  of  highly  toxic  chemical  warfare  agents  from 
contaminated  ambient-pressure  air  streams  to  produce  breathable  air  streams  (Tevault  1993 
[10.9]).  The  first  published  account  of  the  use  of  NTPs  for  decomposing  chemical  warfare  agents 
involved  the  treatment  of  the  surrogate  agents  dimethyl  methylphosphonate  (DMMP)  and 
diisopropyl  methylphosphonate  (DIMP)  with  microwave-generated  plasmas  (Bailin  et  al.  1975 
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[10.10]).  In  the  next  decade,  silent  electrical  discharges  (dielectric-barrier  discharges)  were 
studied  for  this  application  by  other  researchers  and  results  published  on  reactor  modeling 
(Mukkavilli  1988  [10.11])  and  on  experiments  with  test  compounds  such  as  organophosphates 
(Clothiaux  et  al.  1984  [10.12]),  methane  (Fraser  et  al.  1985  [10.13],  Tevault  1985  [10.14]), 
DMMP  and  trimethyl  phosphate  (Fraser  et  al.  1985  [10.15]),  formaldehyde  (Neely  1985  [10.16]), 
and  hydrogen  cyanide  (Fraser  et  al.  1986  [10.17]).  Because  the  military-directed  systems  did  not 
demonstrate  the  ability  to  produce  byproduct-free  breathable  air,  interest  in  decomposing  such 
chemicals  with  NTPs  waned  in  the  late  1980s. 

The  first  civilian  applications  of  NTPs  for  pollution  control  were  focused  on  the  removal 
of  oxides  of  nitrogen  and  sulfur  (NOx,  SOx)  with  electron-beam  reactors.  The  scrubbing  of  flue 
gases  with  electron-beam  systems  was  initiated  in  1970  in  Japan  by  the  Ebara  Corporation;  a 
history  of  e-beam  flue-gas  abatement  can  be  found  in  Frank  &  Hirano  1993  [10.18],  A  study  on 
the  electron-beam-initiated  decomposition  of  an  organic  compound  (vinyl  chloride)  was  published 
in  the  early  1980s  by  Slater  &  Douglas-Hamilton  1981  [10.19]  and,  more  recently,  extensive 
work  on  e-beam  treatment  of  VOCs  has  been  done  by  the  group  at  Karlsruhe  (Paur  1993 
[10.20]).  Unfortunately,  for  the  early  scale-up  demonstrations,  a  lack  of  commercial  acceptance 
comparable  to  conventional  systems  contributed  to  a  loss  of  interest  in  the  technology.  This 
interest  seems  to  have  been  renewed  recently,  as  evidenced  by  the  construction  and  operation  of 
large-scale  facilities  in  Europe  (Chmielewski  et  al.  1995  [10.21]). 

The  removal  of  SOx  and  NOx  from  gaseous  media  was  also  investigated  at  laboratory  scale 
using  electrical-discharge  reactors  (pulsed  corona)  in  the  1980s  -  with  pioneering  experimental 
work  performed  for  NOx  by  Masuda  1988  [10.22],  Masuda  &  Nakao  1990  [10.23]  and  for  SOx 
by  Mizuno  et  al.  1986  [10.24];  and  modeling  work  on  streamer  dynamics  and  radical  yields  was 
performed  by  Gallimberti  1988  [10.25],  Following  these  basic  investigations,  scale-up  of  the 
pulsed  corona  process  for  flue  gases  emitted  from  a  coal-burning  electrical  power  plant  was 
carried  out  at  pilot-plant  and  demonstration  levels  (Dinelli  et  al  1990  [10.26],  Civitano  et  al  1993 
[10.27]).  Further  modeling  works  on  streamers  and  plasma-chemical  reaction  kinetics  have  since 
been  carried  out.  For  example,  modeling  of  streamer  morphology  and  dynamics  is  discussed  by 
Vitello  et  al  1993  [10.28],  Wang  and  Kunhardt  1990  [10.29],  and  Babeava  &  Nadis  1996  [10.30]; 
kinetic  modeling  of  silent  discharges  has  been  done  by  Evans  et  al  [10.31]  for  VOC  removal  and 
pulsed  corona  kinetics  has  been  carried  out  by  Lowke  and  Morrow  1995  [10.32]  for  SOx  and 
NOx  removal,  and  the  simulation  of  streamers  coupled  with  kinetic  modeling  has  been  performed 
by  Li  et  al  1995  [10.33]  for  flue-gas  treatment  (S02  removal). 

Further  interest  in  NTP  technology  for  destroying  chemical  pollutants  arose  in  the  late  1980s 
and  early  1990s  from  greater  concerns  about  toxic  substances  entering  and  spreading  through  the 
environment  and  the  need  to  meet  increasingly-stringent  regulations  on  pollution.  The  earlier 
work  on  the  destruction  of  nerve  gases  and  flue  gas  cleanup  has  expanded  to  include  many 
hydrocarbon  and  halocarbon  compounds,  typically  at  the  laboratory  and  small  pilot-scale  levels 
using  pulsed  corona  (Chang  et  al.  1991  [10.7],  Grothaus  et  al  1993  [10.34];  [10.1];  Penetrante  et 
al  1995  [10.35],  1996  [10.36],  1997  [10.37];  Hsiao  et  al  1995  [10.38];  Korzekwa  et  al.  1997 
[10.39];  Puchkarev  and  Gundersen  1997  [10.40];  Smulders  et  al  1998  [10.41]),  silent  discharges 
(Neely  1993  [10.42],  Storch  &  Kushner  1993  [10.43];  Rosocha  et  al  1993  [10.44];  Rosocha  1997 
[10.45];  Coogan  et  al  1993  [10.46];  Evans  et  al  1993  [10.31];  Falkenstein  1997  [10.47]; 
Krasnoperov  et  al  1997  [10.48];  Snyder  &  Anderson  1999  [10.49]),  electrified  packed-beds 
(Virden  et  al.  1992  [10.50];  Nunez  et  al.  1 993  [10.51]),  and  electron  beams  (Paur  1993  [10.20]; 
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Penetrante  et  al  1995  [10.35-10.37];  Bromberg  et  al  1993  [10.52];  Koch  et  al  1993  [10.53]; 
Matthews  et  al  1993  [10.54];  Vitale  et  al  1996  [10.55]). 

This  chapter  will  review  of  the  subject  of  pollutant  decomposition  by  atmospheric- 
pressure  electric-discharge-excited  silent  discharge  (dielectric  barrier)  and  pulsed  corona  NTP 
reactors,  which  serve  as  tools  for  driving  free-radical-initiated  decomposition  reactions.  Our  main 
discussion  topics  are  example  applications  of  the  technology,  representative  plasma  reactors, 
reactive  species  generation,  basic  decomposition  chemistry,  typical  experimental  results  which 
illustrate  specific  energy  requirements  for  the  decomposition  of  example  pollutants,  simple 
analytical  removal-scaling  models,  and  decomposition  energy  cost  and  optimization 
considerations..  Our  emphasis  is  on  the  two  electric-discharge  NTP  reactors  mentioned  above; 
electron-beam  reactors  have  been  briefly  discussed  but  the  reader  is  referred  elsewhere  for  more 
details  on  that  subject  ([10.1],  [10.18],  [10.19],  [10.20],  [10.35-10.37],  [10.52-10.55],  Cohn 
1997  [10.56]). 

10.1.2  Electrical  Discharge  Physics  and  Plasma  Chemistry 

Background 

Silent  discharge  (dielectric  barrier)  and  pulsed  corona  reactors  both  create  transient 
electrical-discharge  streamers  in  a  gas.  The  streamer  is  the  source  of  energetic  electrons  and 
other  active  species.  A  relatively  high  electric  field  (determined  by  the  reactor  geometry,  gas 
composition,  gas  pressure,  and  gas  temperature)  is  required  to  cause  electrical  breakdown  in  the 
gas.  The  necessary  breakdown  voltage  is  supplied  by  a  drive  circuit  connected  to  the  reactor.  In 
corona,  a  non-homogeneous  electric  field  is  used  to  stabilize  the  discharge  via  the  buildup  of 
space  charge  around  the  corona  wire  (corona  streamer  dynamics  are  controlled  by  localized 
space-charge  waves)  and  to  prevent  thermal  arc  formation.  Silent  discharges  use  charge  buildup 
on  a  capacitive  barrier  to  achieve  a  similar  end  result.  Two  similar,  but  not  illustrated,  reactors 
are  the  electrified  packed  bed  (Mizuno  &  Ito  1990  [10.57];  [10.50,  10.51];  Yamamoto  et  al  1993 
[10.58];  Lermer  et  al  1995  [10.59];  Tonkyn  et  al  1996  [10.60])  and  the  surface-discharge  reactor 
(Masuda  1993  [10.61]  and  Puchkarev  et  al  1994  [10.62])  which  are  closely  related  to  a  barrier 
discharge  in  that  streamers  are  created  between  dielectric  pellets  or  across  dielectric  surfaces. 

In  general,  the  streamers  created  in  all  types  of  atmospheric-pressure  electric  discharges 
can  be  thought  of  as  cylindrical  current  filaments  with  typical  radius  -100  pm.  They  are  transient 
discharges  (e.g.,  lasting  only  a  few  nanoseconds  for  oxygen  or  air),  fed  by  ionization  and 
detachment  and  then  arrested  when  the  electric  field  is  reduced  to  the  point  where  electron 
attachment  becomes  dominant.  For  streamers  in  pure  oxygen  and  air,  the  average  electron  energy 
and  electron  density  are  Te  -  3-5  eV,  [e]  -  1014/cm3,  while  a  typical  breakdown  reduced  electric 
field  strength  in  the  gas  is  E/N  -  100  -  200  Td.  Multiple  streamers  typically  give  accumulated 
plasma  energy  loadings  of  10s  -  1,000s  J/L  atm.  For  further  descriptions  of  streamers  and  gas- 
discharge  physics,  the  reader  is  referred  to  the  pioneering  streamer  (or  “Kanal  Theory”)  work  of 
Raether  1964  [10.63],  the  book  by  Raizer  1991  [10.64]  and  a  recent  book  on  pulsed  gas 
breakdown  by  Korolev  and  Mesyats  1998  [10.65], 
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10.2  Representative  Dielectric-Barrier  and  Pulsed-Corona  Reactors 

10.2.1  Overview 

Figure  10.1  shows  simple  schematic  diagrams  of  silent  discharge  and  pulsed  corona 
reactors  for  gas-phase  pollutant  processing  ([10.1],  [10.20],  [10.22],  [10.23],  [10.34],  [10.44, 
10.45],  [10.57]).  In  these  reactors,  a  high  voltage  is  applied  across  the  electrodes  in  the  gas.  The 
energetic  plasma  electrons  created  in  the  ensuing  electrical  discharge  create  active  species  (free 
radicals  and  secondary  electrons)  that  attack  pollutants  entrained  in  the  process  gas. 

INSERT  FIGURE  10.1  NEAR  HERE 

10.2.2  Plasma  Reactor  Excitation  Specific  Power  and  Energy 

The  free  radicals  and  other  active  species  produced  in  a  non-thermal  plasma  reactor  are 
produced  by  the  electrical  power  and  energy  which  excites  the  electrical-discharge  volume.  To 
understand  the  performance  of  and  scale-up  of  NTP  reactors,  it  is  necessary  to  understand  how 
the  excitation  power  and  energy  relates  to  the  properties  of  the  electrical  discharge. 

Pulsed  corona  reactors  (PCRs)  and  dielectric  barrier  (silent  discharge  plasma  -  SDP) 
reactors  both  employ  similar  electrical-discharge  streamer  mechanisms,  which  results  in  similar 
electron  temperatures  (and  active-species  production  efficiencies)  for  both  devices.  However, 
their  practical  specific  powers  and  energies  (power  and  energy  per  unit  plasma  volume)  are  vastly 
different,  as  shown  below.  The  specific  excitation  power  for  an  SDP  reactor  has  been  previously 
derived  [10.45]  and  can  be  expressed  as 

P  =  2faaE^  ,  (10.1) 

where  P  is  the  specific  power,  f  is  the  frequency  of  the  ac  voltage  supplied  to  the  reactor,  cr  is  the 
number  of  microdischarge  streamers  per  unit  area,  and  is  the  specific  energy  per 
microdischarge. 

An  analogous  expression  can  be  derived  for  a  wire-cylinder  PCR 

P  =  f  Ea/jtR2  ,  (10.2) 

where  E^  is  the  energy  deposited  in  the  PCR  per  unit  length,  R  is  the  cylinder  radius,  and  the 
other  variables  are  the  same  as  those  for  the  SDP  reactor. 

The  specific  energy  E  is  related  to  the  specific  power  P  and  the  gas  residence  time  in  the 
active  volume  of  the  reactor  xr  by  the  expression 

E  =  P  xr .  (10.3) 

Figure  10.2  shows  a  plot  of  specific  energy  versus  gas  residence  time  for  typical  PCR  (solid  line) 
and  SDP  (dashed  line)  devices.  The  specific  energy  is  the  product  of  specific  plasma  power  and 
residence  time.  For  two  reactors  with  similar  active  volumes,  the  higher  the  specific  power,  the 
shorter  the  required  residence  time  for  a  given  degree  of  removal  (and  the  higher  the  possible  gas 
flow  rate). 

INSERT  FIGURE  10.2  NEAR  HERE 
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SDP  reactors  can  easily  achieve  specific  powers  in  excess  of  1  W/cm3,  while  PCRs 
typically  achieve  specific  powers  of  about  two  orders  of  magnitude  less.  A  recent  investigation 
on  electrical  pulse  generators  for  practical  PCRs  by  Rea  et  al  1995  [10.66]  has  demonstrated  an 
optimal  injected  energy  of  4.8  mJ/cm  which,  for  their  20-cm  diameter  active-volume  reactor, 
translates  into  a  specific  power  of  15.3  mW/cm3  (assuming  an  achievable  pulse  repetition 
frequency  of  1  kHz  -  an  optimistic  value,  considering  the  present  state-of-the-art  in  practical 
pulsed  power  switchgear).  Creyghton  et  al  [10.67]  have  shown  similar  linear  energy  density 
values  of  3.5  mJ/cm,  with  pulsed  corona  voltage  rise  times  of  40  ns. 

In  PCR  and  SDP  electrical-discharge  reactors,  the  specific  energy  required  for  one  e-fold 
(63%)  removal  of  flue  gases  such  as  NOx  and  SOx  is  relatively  modest  (about  50  or  60  J/liter  in 
air),  approximately  bordering  the  bottom  of  the  shaded  portion  of  Figure  10.2.  The  PCR  specific 
energy  line  is  near  this  region,  so  a  PCR  can  produce  flue-gas  removal  with  reasonable  residence 
times  (or  gas  flow  rates).  In  contrast,  the  shaded  portion  of  Figure  10.2  approximates  the  specific 
energy  range  required  for  one  e-fold  removal  of  many  VOCs  in  air  by  electrical-discharge  reactors 
(e.g.,  75  -  200  J/L  for  toluene  and  400  -  1700  J/L  for  methylene  chloride).  From  the  figure,  one 
observes  that  a  PCR  must  have  a  very  large  residence  time  compared  to  an  SDP  reactor  (or  be 
scaled  to  a  much  larger  active  volume)  to  produce  degree  of  removal  comparable  to  SDP 
reactors.  Because  of  the  high  specific  power  of  an  SDP  reactor,  it  can  process  energy-demanding 
gases  at  reasonably  high  gas  flow  rates  and  achieve  relatively  high  degrees  of  removal,  all  with 
more  compact  reactors. 

If  one  can  increase  the  active-species  production  efficiencies,  the  specific  energy  for  a 
given  degree  of  removal  is  reduced.  This  well  illustrated  in  electron-beam  reactors  where  more 
energetic  electrons  produce  radicals  at  higher  yields.  There  is  evidence  that  some  improvement  in 
radical  yields  is  possible  in  electrical-discharge  reactors  by  applying  very  short  rise  time  electrical 
drive  pulses  [10.40],  Because  electrical  discharge  reactors  are  presently  thought  to  be  less 
expensive  and  less  maintenance-intensive  than  electron-beam  reactors,  such  improvements  are 
attractive  for  improving  the  overall  systems  perspective  for  discharge  reactors. 

10.3  Active  Species  Production  and  Illustrative  Decomposition  Chemistry 

In  the  decomposition  process,  plasma  physics  and  plasma  chemistry  are  interconnected: 
understanding  this  coupling  is  essential  to  being  able  to  gain  an  understanding  of  and  optimize  the 
overall  pollution-control  process.  The  electrical  discharge  creates  the  plasma  which,  in  turn, 
generates  active  species  in  the  pollutant-containing  gas.  The  active  species  then  react  with  and 
decompose  the  chemical  pollutants.  In  a  simple  view,  the  active-species  production  and  pollutant- 
decomposition  processes  can  described  by  a  net  energy  efficiency,  where  the  formation  and 
utilization  of  active  species  is  separated,  according  to  the  following  equation  [10.44,  10.45]: 

lnet  =  Z  */,.,•  7]u  .  ,  (10.4) 

i 

where  r|net  is  the  net  number  of  pollutant  molecules  decomposed  per  unit  deposited  energy,  is 
the  formation  efficiency  (yield)  of  the  ith  active  species,  and  r|Uji  is  the  utilization  efficiency 
(probability  of  interacting  with  the  target  pollutant)  for  the  iUl  species.  In  electric  discharges  r|f,i 
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mostly  depends  on  the  fast  electron  and  excited-state  quenching  processes,  while  mainly 
depends  on  the  active-species,  pollutant-interaction  reaction  chemistry. 

Below,  for  an  air-like  gas,  we  briefly  discuss  active  species  (i.e.,  radical)  generation  and 
the  decomposition  chemistry  for  two  example  VOC  pollutants:  the  chlorocarbons 
trichloroethylene  (C2HCI3,  abbreviated  TCE)  and  carbon  tetrachloride  (CC14). 

10.3.1  Active  Species  (Free-Radical)  Production 

Active  species  can  be  formed  in  a  variety  of  ways  in  non-thermal  plasmas.  Table  10. 1  shows 
the  main  processes  for  an  air-like  carrier  gas.  Electron  collisional  dissociation  or  excitation  of 
background  gas  molecules  are  the  main  mechanisms  for  producing  active  species.  Additionally, 
negative  ions  can  also  lead  to  active  species  formation.  Because  the  negative  ion  reactions 
represent  additional  energy  pathways,  negative  ion  reactions  can  change  the  distribution  function 
and  the  electron  density  and,  therefore,  affect  the  yields  of  active  species.  This  is  especially  true 
when  comparing  the  cases  of  dry  air  and  humid  air  (Morgan  et  al  1995  [10.68]),  where  the 
electron  density  is  significantly  less  in  humid  air  for  a  given  value  of  E/N. 

INSERT  TABLE  10.1  NEAR  HERE 


In  chlorine-compound-containing  mixtures,  Cl  and  CIO  radicals  are  also  produced  from 
reactions  of  radicals  and  other  gas  species  with  the  entrained  pollutants.  These  can  further 
participate  in  decomposition  chain  reactions,  which  improves  the  overall  decomposition  efficacy 
(e.g.,  see  Evans  et  al  [10.31],  Falkenstein  [10.47],  and  Vitale  et  al  [10.69]).  The  yield  of  a 
particular  radical  species  (i.e.,  the  number  of  radicals  produced  per  unit  deposited  plasma  energy) 
will  depend  on  factors  such  as  the  gas  composition,  the  gas  pressure,  and  the  average  electron 
temperature.  The  Yield  is  frequently  described  by  the  G-value  (species  per  100  eV  deposited 
energy),  which  is  a  function  of  an  effective  rate  constant  for  radical  generation  krad  (e.g.,  the 
dissociation  rate  constant  for  dissociating  02  molecules  into  O-atoms),  the  electron  drift  velocity 
vd,  and  the  reduced  electric  field  strength  E/N 


f  \ 


G=f 


krad 


(10.5) 


The  rate  constant  krad  and  the  drift  velocity  vd  also  depend  on  the  reduced  field  E/N  (electron 
temperature),  so  the  G-value  essentially  depends  on  E/N  and  the  plasma-chemical  kinetics  leading 
to  the  generation  of  active  species  [10.35,  10.44,  10.45], 

Consider  humid,  atmospheric  pressure  air;  here  the  yields  of  0(3P),  OH,  and  N  radicals  in 
typical  electric-discharge  reactors  are  of  order  10,  1,  and  1  per  100  eV  of  deposited  energy, 
respectively  [10.44,  10.45],  For  electron-beam  reactors,  the  0(3P)  yield  is  about  one-third  less, 
the  yield  of  OH  is  roughly  twice  as  large,  and  the  yield  of  N  is  nearly  10  times  larger  than  in 
discharge  reactors  [10.1,  10.35],  Usually,  at  near-atmospheric  pressure,  pollutants  in  the 
concentration  range  of  interest  (100s  to  1000s  ppm)  do  not  affect  the  electron  distribution 
function  or  the  associated  electron  temperatures  and  radical  yields. 

10.3.2  Basic  Decomposition  Chemistry 
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The  plasma-generated  active  species  (radicals  and  secondary  electrons)  are  the  initiators  of 
pollutant-decomposition  reactions  [10.1],  Two  major  decomposition  channels  for  a  gas-phase 
chemical  pollutant  X  are  direct  electron  impact  and  chemical  (radical-promoted)  attack: 

e  +  X  -»  products  and  O,  OH  +  X  -»  products. 

The  first  path  is  expected  to  dominate  at  large  contaminant  concentrations  (when  a  higher  energy 
fraction  is  absorbed  by  the  pollutant)  or  when  the  dissociative  attachment  cross  section  is  large, 
while  the  second  should  dominate  at  smaller  concentrations. 

Additionally,  some  molecules  may  decompose  by  ion-molecule  reactions  as  demonstrated 
by  Penetrante  et  al.  1997  [10.70]  for  the  dissociative  charge  exchange  decomposition  of  methanol 

N2+  +  CH3OH  CH3+  +  OH  +  N2 

and  also  postulated  by  Krasnoperov  et  al  [10.48]  and  Nunez  et  al  [10.51]  for  other  hydrocarbons. 

Many  VOCs,  will  often  undergo  a  series  of  more  complicated  reactions  before  the  final 
products  result.  The  decomposition  of  a  chlorocarbon  like  trichloroethylene  is  dominated  by  free- 
radical  reactions  at  the  relatively  high  E/N  of  electric  discharges  (Evans  et  al  [10.31],  Falkenstein 
[10.47],  Penetrante  et  al  [10.37],  Hsiao  et  al  [10.38]), 

0(3P)  or  OH  +  C2HC13  ->  C02  +  HC1  +  Cl2  +  COCl2  + . . .. 

However,  strong  electron  attachers  (e.g.,CCl4)  are  preferentially  decomposed  by 
dissociative  electron  attachment  at  low  E/N  (Storch  et  al.  1991  [10.71];  Penetrante  et  al  1995 
[10.35]). 


e  +  CC14  cci3  +  cr 

CC13  +  02  COCl2  +  Cl  +  CIO  . 

In  this  section,  we  have  only  included  a  very  simplified  set  of  the  basic  decomposition 
reactions.  Aerosol  formation  (from  ion-neutral  clustering)  can  lead  to  additional  reactions  on  the 
surface  of  the  particles.  This  can,  in  some  cases,  increase  the  effective  removal  of  pollutants  in 
the  gas  or  a  change  in  the  final  products  (Chang  et  al  [10.7]). 

The  molecular  structure  of  a  compound  can  also  affect  the  energy  required  for 
decomposition  (Neely  et  al  [10.42],  Futamura  et  al  1997  [10.72])  For  example,  the  difference  in 
the  degree  of  difficulty  of  free-radical-induced  decomposition  of  TCE  versus  trichloroethane 
(C2H3C13,  abbreviated  TCA)  can  be  explained  by  the  structures  of  the  respective  molecules  and 
the  point  of  attack  of  a  radical  on  the  molecule.  For  TCE,  its  two  carbon  atoms  have  a  double 
bond,  with  one  Cl  and  one  H  atom  bound  to  one  carbon  and  two  Cl  atoms  bound  to  the  other. 
For  the  haloalkenes,  including  TCE,  the  main  point  of  attack  of  an  O-radical  or  OH-radical  is  the 
double  bond  of  carbon  (Vitale  et  al  [10.69]).  This  results  in  the  cleavage  of  the  double  bond  to  a 
single  bond  and  the  bonding  of  the  O  or  OH-radical  to  the  least-chlorinated  carbon  atom.  In  the 
presence  of  oxygen,  the  radical  formed  from  this  process  can  then  further  decompose  or  lead  to 
the  formation  of  other  radicals  which  tend  to  attack  TCE.  For  TCA,  its  two  carbon  atoms  have  a 
single  bond,  with  two  H  atoms  and  one  Cl  atom  bound  to  one  carbon  and  two  Cl  atoms  and  one 
H  atom  bound  to  the  other  carbon.  The  single  bond  is  not  receptive  to  attack  by  Cl  radicals; 
therefore,  TCA  is  much  harder  to  decompose  than  TCE. 
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Decomposition  is  not  necessarily  complete  treatment  -  the  goal  is  to  produce  less-toxic  or 
more  easily-managed  final  products.  Byproducts  must  also  be  considered  (e.g.,  COCl2  is  toxic 
but  is  easily  removed  by  reactions  with  water  and  HC1  can  be  easily  neutralized  by  a  base  solution) 
In  laboratory  studies,  the  degree  of  decomposition  and  treatment  byproducts  are  measured  with 
an  instrument  like  a  gas  chromatograph  -  mass  spectrometer. 

The  detailed  plasma-initiated  removal  chemistry  of  a  particular  compound  or  mixture  of 
compounds  can  be  quite  complicated  and  will  not  be  addressed  here.  This  topic  has  been 
addressed  at  length  by  various  authors,  so  for  more  information,  the  reader  is  referred  to  the 
literature  (e.g.,  Evans  et  al  [10.31],  Falkenstein  [10.47],  Penetrante  et  al  1997  [10.73,  10.74],  and 
Vitale  etal  [10.55,  10.69]). 

10.3.3  Example  Decomposition  Plots 

In  many  non-thermal  plasma  devices  (like  ozonizers,  gas  lasers,  etc.,),  a  key  process 
parameter  is  the  specific  energy  (plasma  energy  density)  deposited  in  the  gas.  This  is  also  true  for 
the  decomposition  of  a  pollutant  in  an  NTP  reactor.  Experiments  with  various  reactors  have 
shown  that  the  degree  of  removal  of  a  particular  contaminant  depends  on  the  applied  plasma 
energy  density  E  and  a  characteristic  energy-density  parameter  (which  we  call  P)  which  is  related 
to  the  target  compound,  the  carrier  gas,  and  the  reduced  electric  field  E/N  for  the  reactor  [10.1, 
10.35,  10.44,  10.45],  The  energy  density  is  usually  expressed  in  J/standard  liter  (J/L). 

In  general,  the  degree  of  removal  of  a  particular  contaminant  species  can  be  rather 
accurately  approximated  as  an  exponential  function  of  the  parameters  E  and  p  [10.44,  10.46] 

[X]  -  [X]0  exp  (-  E/p) ,  (10.6) 

where  [X]0  is  the  initial  pollutant  concentration,  [X]  is  the  pollutant  concentration  after  depositing 
a  plasma  specific  energy  of  E  into  the  treated  gas,  and  P  is  a  specific  energy  characteristic  of  a 
given  compound,  which  reduces  the  concentration  by  1/e  (one  e-fold  reduction). 

The  ratio  [X]/[X]o  is  our  definition  of  a  degree  of  removal  -  the  ratio  gets  smaller  as  more 
pollutant  is  removed.  The  fraction  (or  %)  of  pollutant  removed  is  1  -  ([X]/[X]0)  (or  times  100  for 
removal  in  %).  In  much  of  the  literature  in  this  field,  the  fractional  removal  1  -  ([X]/[X]o)  is  called 
the  “removal  efficiency”.  However,  we  do  not  promote  the  use  of  the  term  in  that  manner. 
Instead,  we  think  of  efficiency  as  the  energy  efficiency  of  removing  a  pollutant. 

E,  the  accumulated  plasma  energy  density  loading,  gives  quite  useful  information,  because 
it  is  a  key  parameter  which  determines  how  much  pollutant  is  removed  and  the  energy  efficiency 
of  removing  it  (as  demonstrated  by  the  presented  examples  and  the  simple  removal  model,  both 
discussed  further  below).  The  specific  energy  is  useful  in  that  it  is  explicitly  independent  of  the 
particular  reactor  employed  and  the  gas  residence  time.  E  is  the  analog  of  dose  in  radiolytic 
treatment,  where  similar  removal  relationships  apply.  Therefore,  to  simplify  matters,  we  can  think 
of  the  reactor  as  a  ‘black  box’  which  processes  a  concentration  [X]0  into  a  concentration  [X] 
under  the  influence  of  a  plasma  specific  energy  E . 

Such  a  relationship  is  representative  of  chemical-kinetic  rate  equations  that  are  first  order 
in  the  concentration  of  the  contaminant.  In  the  next  section,  we  will  show  that  simple,  first-order 
kinetics  models  can  be  used  to  derive  a  pollutant-removal  function  whose  form  is  representative 
of  example  decomposition  plots  taken  from  the  literature  and  shown  in  Figures  10.3a-10.3d 
below. 
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INSERT  FIGURES  10.3a-10.3d  NEAR  HERE 


10.4  Typical  VOC-Removal  Experiments  and  Results 

At  Los  Alamos,  we  have  carried  out  experiments  on  the  decomposition  of  several 
hydrocarbons,  halocarbons,  and  nitric  oxide  using  pulsed  corona  and  dielectric-barrier  discharges 
at  ambient  pressure  (i.e.,  ~  580-600  torr).  In  this  section,  we  will  discuss  tests  on  two 

representative  VOCs,  namely  TCE  and  methyl  ethyl-ketone  (MEK)  in  dry  air.  Other  laboratory- 
scale  experiments  related  to  our  work  at  Los  Alamos  are  discussed  or  referenced  elsewhere 
(Rosocha  et  al  [10.44,  10.45];  Korzekwa  et  al.  [10.39];  Coogan  et  al.  [10.46];  Falkenstein 
[10.47];  Snyder  &  Anderson  [10.49];  Coogan  &  Jassal  1997  [10.76]).  Many  other  experiments 
are  described  in  reference  [10.1],  the  others  cited  above,  and  in  the  literature. 

10.  4.1  Apparatus  and  experimental  Methods 

Our  pulsed  corona  reactor  tube  was  constructed  using  a  stainless  steel  corona  wire  with  a 
diameter  of  500  pm  and  stainless  steel  tubing  with  an  inner  diameter  of  2.5  cm  as  the  outer 
conductor.  The  length  of  the  tube  was  90  cm.  A  high-voltage  alumina  feedthrough  was 
employed  at  one  end  to  apply  the  electrical  pulse  (positive  polarity)  to  the  wire  and  another 
alumina  insulator  was  used  to  support  the  opposite  end  of  the  wire.  The  gas  flow  was  introduced 
into  the  tube  through  gas  fittings  at  the  gas  manifolds  on  each  end.  This  reactor  design  could  be 
used  up  to  temperatures  of  700  C. 

An  electrical  schematic  diagram  of  the  pulsed  corona  apparatus  is  shown  in  Figure  10.4. 
A  constant  current  power  supply  (EMI  model  500-40KV-POS)  is  used  to  repetitively  charge  a 
storage  capacitor,  Csp,  with  a  repetition  frequency  set  by  the  control  module.  When  the 
breakdown  voltage  of  the  coaxial,  self-breaking,  hydrogen-filled  spark  gap  is  reached,  a  high 
voltage  pulse  is  delivered  to  the  reactor  tube  capacitance,  Cpcr,  through  the  stray  inductance,  Ls. 
When  the  corona  inception  voltage  is  reached  in  the  reactor  tube,  multiple  simultaneous  streamer- 
discharges  (represented  by  a  time  varying  resistance  Rd)  are  produced  in  the  tube. 

INSERT  FIGURE  10.4  NEAR  HERE 

A  coaxial  capacitive  voltage  divider,  Vpcr,  was  constructed  at  the  input  to  the  tube.  The 
voltage  probe  had  a  sensitivity  of  2. 5x1  O'4  V/V  and  was  capable  of  measuring  nanosecond  rise 
time  pulses  with  pulse  widths  less  than  150  ns.  The  pulsed  corona  current  was  measured  using  a 
current  viewing  resistor,  Rcw,  which  was  also  connected  at  the  reactor  input.  This  probe  was 
capable  of  measuring  nanosecond  rise  time  pulses  with  a  sensitivity  of  20  A/V.  The  power 
dissipated  in  the  discharge  was  measured  using  these  probes.  A  feedback  signal  from  the  current 
probe  (signal  to  indicate  the  switching  of  the  spark  gap)  was  sent  to  the  control  module  to  inhibit 
the  power  supply.  For  Csp  =  126  pF,  Ls  =  400  nH,  and  Cpcr  =  25  pF,  the  waveforms  in  Figure  10.5 
were  obtained  showing  the  voltage  and  current  of  a  typical  corona  pulse  in  dry  air  at  room 
temperature.  The  energy  per  pulse  E0  dissipated  in  the  discharge  was  approximately  60  mJ.  E  is 
then  calculated  using  the  expression  E  =  E0  fr  /Q,  where  fr  is  the  pulse  repetition  frequency  and  Q 
is  the  gas  flow  rate  in  L/s.  The  system  could  be  operated  at  a  repetition  frequency  greater  than  1 
kHz  with  a  peak  output  voltage  of  up  to  30  kV. 
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The  circuit  representation  in  Figure  10.4  of  the  pulsed  corona  apparatus  includes  (in  part) 
a  series  resonant  circuit.  When  the  switch  closes  the  energy  in  the  storage  capacitance  (Csp)  is 
resonantly  transferred  to  the  corona  tube  capacitance  (Cpcr)  through  the  stray  inductance  (Ls). 
The  displacement  current  associated  with  this  resonant  energy  transfer  is  apparent  from  the  high- 
frequency  oscillation  which  is  superimposed  on  the  overdamped  corona  current  pulse  (or 
discharge  current).  By  multiplying  the  current  and  voltage  waveforms  and  integrating  over  the 
pulse  width,  the  energy  per  pulse  dissipated  in  the  discharge  can  be  calculated.  Using  this  method 
the  reactive  power  associated  with  the  displacement  current  will  integrate  to  zero  leaving  only  the 
real  dissipated  power. 

INSERT  FIGURE  10.5  NEAR  HERE 

A  schematic  diagram  of  the  ac-driven  dielectric-barrier  discharge  system  is  shown  in 
Figure  10.6.  A  variable  frequency,  3-kW,  ac  power  supply  (Elgar  model  3001-165 A)  was  used  to 
drive  a  high-voltage  50:1  step  up  transformer  (Stangenes  Model  SI-8020)  which  supplied  power 
to  the  dielectric-barrier  discharge  cell.  The  operating  frequency  was  1.2  kHz,  with  variable 
discharge  powers  up  to  350  W.  The  discharge  cell  was  constructed  in  a  flat-plate  geometry  using 
two  0.3  cm  x  38  cm  x  70  cm  Pyrex  plates  with  a  gap  spacing  of  3.5  mm  and  an  active  discharge 
area  of  1 800  cm2.  Two  aluminum  electrode  plates  were  pressed  to  each  side  of  the  cell.  A  charge 
measuring  capacitor,  Cq,  was  placed  in  the  circuit  between  the  low  voltage  plate  and  ground.  The 
charge  through  the  cell  is  proportional  to  the  voltage  measured  across  Cq  (Qcell  in  Figure  10.6). 
The  output  of  the  high-voltage  transformer  was  connected  to  ground  and  the  high-voltage 
electrode  plate.  A  high-voltage  probe  (Tektronix  model  P6015A)  was  used  to  measure  the 
voltage  across  the  cell,  Vcell-  Typical  waveforms  of  the  voltage  and  charge  versus  time  are 
shown  in  Figure  10.7a.  Using  the  method  invented  by  Manley  1943  [10.77],  the  energy  per  cycle 
delivered  to  the  discharge  was  obtained  by  plotting  the  charge  driven  through  the  cell  versus  the 
voltage  across  the  cell  for  one  cycle  then  calculating  the  area  of  the  resulting  parallelogram, 
shown  in  Figure  10.7b.  The  power  dissipated  in  the  discharge,  in  Watts  P,  was  then  found  by 
multiplying  the  energy  per  cycle  by  the  operating  frequency.  The  energy  density  is  computed 
using  the  relationship  E  =  P/Q. 

INSERT  FIGURES  10.6  &  10.7a  &  10.7b  NEAR  HERE 

The  chemical  diagnostics  setup  is  shown  in  Figure  10.8.  For  the  TCE  and  MEK 
measurements,  a  gas  bottle  was  filled  to  a  high  pressure  with  a  mixture  of  dry  air  and  the  desired 
YOC  concentration.  A  mass  flow  controller  was  used  to  set  the  flow  through  the  discharge  tube 
or  cell  before  entering  the  vent.  For  benchtop  work,  typical  gas  flow  rates  for  the  pulsed  corona 
reactor  are  0.25-5  L/min  and  10-20  L/min  for  the  silent  discharge  reactor.  These  correspond  to 
gas  residence  times  in  the  reactor  of  5.3-106  s  for  the  pulsed  corona  setup  and  0.93-1 .86  s  for  the 
silent  discharge  setup.  Two  methods  were  used  to  measure  the  decrease  in  VOC  concentration, 
1)  a  gas-chromatograph/mass-spectrometer,  GC/MS,  (HP  model  5890  GC  and  HP  model  5972 
MS)  was  connected  directly  to  the  output  line  of  the  discharge  volume  and  2)  a  gas-tight  syringe 
was  used  to  extract  a  sample  at  a  known  volume  from  the  gas  output  line  which  was  then  injected 
into  a  gas  chromatograph  with  a  sample  concentrator  (Varian  model  Star  3400CX  GC  and  OI 
Corp.  model  4460A  sample  concentrator).  The  data  for  the  ac-driven  dielectric-barrier  discharge 


12 


was  obtained  using  the  GC/MS  and  the  data  for  the  pulsed  corona  discharge  was  obtained  using 
the  GC  with  a  sample  concentrator. 

INSERT  FIGURE  10.8  NEAR  HERE 

10.4.2  Experimental  Results 

The  removal  of  two  VOCs,  TCE  and  MEK,  in  dry  air  has  been  measured  using  the  two 
different  discharge  reactors.  The  removal  fraction  is  defined  as  [X]/[X]0,  where  [X]0  is  the  initial 
concentration  and  [X]  is  the  final  concentration  in  units  of  ppmv.  The  removal  fraction  (or  degree 
of  removal)  is  plotted  as  a  function  of  plasma  energy  deposited  into  the  gas  or  specific  energy,  E 
(or,  equivalently  deposited  power  divided  by  gas  flow  rate  P/Q). 

Comparison  of  Silent  Discharge  and  Pulsed  Corona  Reactor  Performance 

The  first  measurements  were  made  using  the  VOCs  to  compare  the  pulsed  corona  and  ac- 
driven  dielectric-barrier  discharges  at  room  temperature.  Figure  10.9  shows  the  removal  fraction 
versus  E  for  200  ppm  of  TCE,  where  there  is  no  noticeable  difference  in  the  removal  efficiency 
for  energy  densities  up  to  400  J/L  between  these  two  types  of  discharges.  A  double-exponential 
curve  fit  is  also  plotted  which  shows  a  slight  divergence  from  a  single-exponential  fit  (a  straight 
line),  likely  indicating  reactions  other  than  first  order  at  the  higher  energy  densities.  A  double¬ 
exponential  curve  fit  applies  to  the  VOC-removal  data  presented  here.  A  similar  plot  for  1000 
ppm  of  MEK  is  shown  in  Figure  10.10,  where  for  energy  densities  up  to  1500  J/L,  there  is  no 
distinguishable  difference  in  the  degree  of  removal.  However,  for  higher  energy  densities  there  is 
a  slight  difference  which  can  be  attributed  to  a  difference  in  gas  temperature  in  the  PCR,  which 
will  be  discussed  in  the  next  section. 

INSERT  FIGURES  10.9  &  10.10  NEAR  HERE 

Gas  Temperature  Effects 

Depending  on  the  compound  to  be  treated  and  the  reaction  chemistry,  the  removal  fraction 
can  be  greatly  affected  by  temperature.  The  temperature  dependence  of  the  reaction  kinetics  has 
the  form  k  =  A  exp(-TA/T),  where  k  is  the  rate  constant  in  units  of  cm3/molecule-s,  A  is  the  pre¬ 
exponential  factor  with  the  same  units  as  k,  and  TA  is  the  activation  energy  in  units  of  temperature 
(K).  For  reactions  with  0(3P),  the  values  of  TA  are  1000  K  and  1300  K  for  TCE  and  MEK 
respectively  (Westley  et  al  1994  [10.78],  Ott  et  al  1987  [10.79]).  To  achieve  the  high  energy 
densities  in  Figure  10.10,  the  pulsed  corona  tube  was  operated  at  powers  up  to  30  W,  which 
resulted  in  a  temperature  increase  of  up  to  60  C.  It  is  plausible  that  the  slight  increase  in  the 
removal  fraction  of  MEK  in  Figure  10. 10  at  energy  densities  higher  than  1500  J/L  is  attributed  to 
this  increase  in  gas  temperature.  A  temperature  rise  was  not  observed  in  the  measurements  for 
TCE  using  the  pulsed  corona  discharge  because  the  powers  necessary  to  achieve  energy  densities 
up  to  400  J/L  were  very  low  (a  few  watts).  The  temperature  in  the  ac-driven  dielectric-barrier 
discharge  always  remained  near  room  temperature. 

It  is  well  known  that  the  breakdown  voltage  (VBr)  of  a  gas  is  temperature  dependent. 
From  Alston  [10.80],  an  empirical  functional  form  for  this  temperature  dependence  is  given, 
where  VBr  decreases  with  an  increase  in  temperature.  However,  the  gas  density  is  also 
temperature  dependent  (inversely  proportional),  such  that,  when  the  E/N  at  breakdown  (EBr/N)  is 
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determined  using  these  functional  forms,  the  value  of  Ebr/N  increases  with  temperature.  Because 
the  relationship  between  the  E/N  value  at  breakdown  and  the  maximum  E/N  value  generated  in 
the  tip  of  the  streamer  (in  a  pulsed  corona  discharge  for  example)  is  not  well  known,  one  can  only 
speculate  on  the  effects  of  the  increase  in  Ebr/N  on  the  generation  of  radical  species. 

10.4.3  Discussion  of  Results 

The  breakdown  voltage  in  the  pulsed  corona  discharge  is  much  higher  than  in  a  low- 
frequency  ac-driven  dielectric  barrier  discharge.  The  minimum  voltage  to  produce  a  discharge  in 
the  pulsed  corona  tube  at  ambient  pressure  (about  580  torr)  was  12  kV  for  this  wire  and  tube  size, 
which,  if  only  the  geometry  is  taken  in  consideration,  produces  an  electric  field  of  120  kV/cm  at 
the  wire  surface.  The  breakdown  voltage  in  the  ac-driven  dielectric  barrier  cell  at  ambient 
pressure  was  7  kV  at  1.2  kHz  with  a  3.5-mm  air  gap,  which  gives  an  electric  field  of  20  kV/cm. 
With  such  a  large  difference  in  breakdown  electric  field,  it  is  reasonable  to  expect  a  difference  in 
removal  fractions  between  the  ac-driven  and  pulsed  corona  discharges.  However,  as  seen  in  the 
VOC  data,  there  was  no  difference  in  removal  fractions  between  the  different  types  of  discharges 
at  room  temperature.  To  explain  this,  the  reaction  pathways  leading  to  the  destruction  of  these 
compounds  must  be  investigated.  For  TCE  and  MEK  in  air  it  is  well  known  that  the  initial 
chemical  reaction  is  with  the  0(3P)  radical  produced  in  the  discharge  (Westley  et  al  [10.78]).  In 
that  case,  the  production  of  0(3P)  as  a  function  of  the  reduced  electric  field  strength  E/N  (which 
is  also  a  measure  of  the  average  electron  energy  in  the  discharge)  is  important. 

As  observed  in  Equation  5,  radical-production  G-values  depend  on  E/N.  The  values  of 
the  breakdown  E/N  derived  from  the  breakdown  electric  fields  calculated  above  are  80  Td  for  the 
ac-driven  dielectric-barrier  discharge  and  approximately  500  Td  for  the  pulsed  positive  corona 
discharge  at  room  temperature  and  pressure.  The  two  possible  explanations  for  the  same  removal 
efficiencies  at  different  breakdown  fields  are:  1)  the  radical  production  happens  to  be 
approximately  the  same  for  the  80  Td  discharge  and  the  500  Td  discharge  (0(3P)-radical 
production  G-values  at  first  rise  with  increasing  E/N  and  then  fall  off  at  higher  E/N  (Rosocha  et  al 
[10.44,  10.45];  Li  et  al  1995  [10.33]),  or  2)  the  observed  removal  fractions  (which  correspond  to 
radical  formation  efficiencies)  suggest  equivalent  average  conditions,  where  the  radical  formation 
depends  on  an  average  value  of  E/N  (or  electron  energy),  which  may  be  very  similar  for  the  low- 
frequency  and  pulsed  discharges. 

10.5  Pollutant-Removal  Relationships 

10.5.1  Simple  Reaction-Kinetics  Model  and  Derivation  of  Removal  Equations 

Recent  work  on  comparing  pollutant  decomposition  by  different  aqueous-phase  AOTs  has 
shown  that,  even  though  the  overall  decomposition  chemistry  of  a  particular  chemical  species  can 
be  quite  complicated,  simple  kinetic  models  can  be  used  to  describe  the  rate  of  radical-initiated 
decomposition  of  a  target  species  (Bolton  et  al.  1996  [10.81]).  Using  an  analogous  method  for  a 
gas-phase  NTP  process,  we  will  describe  the  decomposition  of  a  pollutant  X  (in  a  carrier  gas  of 
species  A  and  containing  radical  scavengers  Si)  by  the  following  simple  chemical  reactions  and 
rate  equations: 


Chemical  Reactions 


Rate  Equations 
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e  +  A  ^  R-  +  A1 

4R  ]  4R]  dE  c- 

(10.7) 

dt  dE  dt 

R-  +  X  — »  Products 

fil  =  -i[R][Z], 

(10.8) 

R-  +  Si  — >■  Products 

^]  =  -ts[R.][S,], 

(10.9) 

where  [X]  is  the  pollutant  concentration,  G  is  the  production  efficiency  for  radical  species  R-,  P  is 
the  plasma  power  density,  k  is  the  radical-pollutant  kinetic  rate  constant,  [Si]  is  concentration  of 
the  ith  scavenger,  and  ksi  is  the  scavenging  rate  constant  for  the  i**1  species. 

Because  the  rate  of  radical-pollutant  attack  is  usually  quite  fast,  it  is  reasonable  to  assume  that 
the  radical  R-  is  consumed  as  quickly  as  it  is  produced;  that  is,  a  steady-state  approximation  for 
[R-]  holds.  Under  this  steady-state  assumption,  the  net  rate  of  change  of  R-  is  zero  and  can  be 
expressed  as 

(»*')  =  G?-*[R][X]-24s  _[*][$, ]=0  .  (10.10) 


Solving  this  equation  for  the  steady-state  concentration  [R*]ss,  inserting  it  into  Equation  10.8, 
making  the  substitution  P  =  dE/dt ,  and  rearranging  terms,  one  obtains  the  following  generalized 
removal  differential  equation 


- 1 - - - d[X]=-GdE  . 

k[X] 


(10.11) 


Integration  of  this  equation  with  the  limits  [X]0  -»  [X]  and  0  — »  E  gives  the  transcendental 
equation 


ML+ 

m0 


m0  m0 


(10.12) 


When  the  degree  of  removal  is  low;  ie.,  when  [X]/[X]0  =  1  +  In  ([X]/[X]0 ,  the  following  analytical 
solution  (same  as  Equation  1)  is  obtained 


[X]/  [X]0  =  exp  (-  E/p)  ,  (10.13) 

where 
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(10.14) 


^=G^^0+_L  i 

When  the  rate  of  radical-pollutant  attack  k[X]  is  small  compared  to  the  rate  of  radical 
scavenging  Si  ksi  [SJ,  the  (3-value  and,  hence  the  degree  of  removal  [X]/  [X]0  shows  no 
dependence  on  the  initial  concentration  [X]0  .  Similar  relationships  for  the  pollutant  removal 
function  and  its  concentration  dependence  have  been  derived  for  electron-beam  reactors  by  Slater 
&  Douglas-Hamilton  [10.19]  and  Vitale  et  al  [10.55],  assuming  that  the  scavengers  are  actually 
products  of  the  initial  radical-attack  reaction  (radical-inhibitor  model);  and  for  an  electrified 
packed-bed  reactor  by  Tonkyn  et  al  1996  [10.60],  with  similar  assumptions  but  also  taking  active- 
species  scavenging  by  the  reactor  substrate  into  account. 

In  Equation  10.13,  E  is  the  applied  specific  energy  (or  plasma  power  divided  by  gas  flow  rate, 
P/Q),  and  0  is  the  e-fold  energy  density.  Supplying  one  P  to  the  reactor  reduces  the  concentration 
by  1/e,  2P  by  1/e2,  and  so  on.  When  the  P-value  is  independent  of  the  initial  concentration,  a  plot 
of  the  logarithmic  degree  of  removal  -In  ([X]/  [X]0)  versus  E,  gives  a  straight  line  of  slope  1/p. 
For  other  cases,  the  plot  is  not  necessarily  a  straight  line,  so  such  a  slope-determined  p-value  is 
only  an  approximation.  When  the  P-value  shows  a  stronger  dependence  on  the  initial  pollutant 
concentration,  the  removal  plot  will  consist  of  a  family  of  curves. 

Equation  10.13  does  not  necessarily  apply  in  all  cases.  In  general,  one  must  numerically  solve 
Equation  10.12  to  obtain  the  actual  removal  functions.  When  the  degree  of  removal  is  high,  the 
removal  plots  can  show  considerable  curvature,  as  observed  by  Slater  &  Douglas-Hamilton 
[10.19]  and  Vitale  et  al  [10.55], 

The  P-value  links  the  generation  of  radicals  through  gaseous  electronics/plasma  chemistry  (G- 
values)  with  their  utilization  through  the  decomposition  chemistry.  As  previously  shown  in 
Equation  10.5,  the  G-value  is  a  function  of  an  effective  rate  constant  for  radical  generation  kIad 
(e  g.,  the  dissociation  rate  constant  for  dissociating  02  molecules  into  O-atoms),  the  electron  drift 
velocity  vd,  and  the  reduced  electric  field  strength  E/N.  The  rate  constant  krad  and  the  drift 
velocity  vd  also  depend  on  the  reduced  field  E/N  (electron  temperature),  so  the  P-value  essentially 
depends  on  E/N  and  the  chemical  kinetics  [10.35,  10.44,  10.45], 

10.5.2  Example  Removal  Plots  for  Special  Cases 

To  show  how  this  simple  model  predicts  the  form  of  the  removal  equation  (as  observed  in  the 
example  decomposition  plots  presented  earlier),  we  illustrate  two  examples  below.  In  the  first 
example,  the  rate  of  radical  scavenging  is  much  greater  than  the  rate  of  radical  attack;  i.e.,  k[X]0 
«  Ei  kS;  [SJ;  in  the  second  example,  the  opposite  situation  holds,  i.e.,  k[X]0  »  Si  ksi  [SJ. 

Figures  10.11a  and  10.11b  show  the  removal  plots  that  correspond  to  these  examples  for 
representative  values  of  the  initial  concentrations  and  specific  plasma  energies. 

INSERT  FIGURES  10.11a  &  10.11b  NEAR  HERE 

There  is  also  a  third  example,  the  case  in  which  radical-radical  recombination  dominates  both 
scavenging  and  radical-pollutant  attack,  that  is  of  interest.  The  removal  equation  for  this  case 
explicitly  depends  not  only  on  the  specific  energy  E  but  also  on  the  gas  residence  time  in  the 
reactor  xr.  The  removal  equation  in  this  case  is  derived  by  solving  Equation  10. 10  for  [R-]ss  under 
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the  assumptions  that  E;  ksi  [SJ  »  k  [X]0  and  that  the  dominant  scavenging  pathway  is 
recombination  of  the  radicals,  e.g.,  [R-]  =  [S],  where  S  represents  the  primary  scavenger. 

Making  these  assumptions  and  solving  Equation  10.10  for  [R-]ss  =  [R-],  we  obtain 

[R-]  =  (GP  /ks) 14 .  (10.15) 


Substituting  this  into  Equation  10.8,  one  gets  the  expression 


d[X] 

[X] 


=  -k 


/  -V/2 

GP 


dt  . 


(10.16) 


Integrating  this  equation  with  limits  [X]o  — >  [X],  0  — >  xr  and  making  the  substitution  E  =  P  x„  we 
get  the  following  removal  equation 

[X]/[X]0  =  exp  {-k(GE/ks)1/2Tr1/2}.  (10.17) 

As  an  example  of  this  case,  consider  a  model  situation  for  the  compound  methyl  chloride 
(CH3CI)  in  an  Ar/02/H20  gas  mixture  of  composition  78/20/2.  Such  a  mixture  has  a  G-value  of 
7.5  for  the  generation  of  OH  [10.44,  10.45],  CH3CI  is  attacked  by  OH  radicals  via  the  reaction 

OH  +  CH3CI  ->  Products  (k  =  4.57  x  10  '14  cm3/s  [10.82]), 
and  the  OH  radicals  are  most  strongly  scavenged  via  the  reaction 

OH  +  OH  +  M  — »  H202  +  M  (ks  =  6.5  x  10'34  cm6/s  [10.83]). 

Assuming  atmospheric  pressure  (gas  density  of  2.7  x  1019  molec/cm3),  substituting  the  rate 
constants  k  and  ks  into  Equation  10.17,  and  calculating  the  removal  fraction  [X]/[X]0  over  a  range 
of  E  and  xr  values  gives  the  example  plot  shown  in  Figure  10.12.  Presently,  we  have  no 
experimental  data  with  which  to  compare  this  sample  calculation.  O-atoms  also  attack  CH3C1. 
However  the  attack  rate  constant  is  much  smaller  than  that  for  OH  and  the  O-atoms  are  lost  much 
more  quickly  to  the  formation  of  03,  rather  than  radical-radical  scavenging. 


INSERT  FIGURE  10.12  NEAR  HERE 


10.6  Energy  Cost  and  Optimization 

Optimizing  the  performance  (degree  of  removal  of  the  pollutant,  decomposition  products, 
energy  consumption,  etc.)  of  an  NTP  reactor  is  a  complicated  process.  NTP  processing  is  usually 
quite  energy  intensive.  Therefore,  in  this  section,  we  will  concentrate  on  a  discussion  of  reactor 
electrical  energy  consumption,  because  preliminary  economic  analysis  indicates  that  the  major 
cost  of  an  NTP  reactor  system  resides  in  the  cost  of  the  electrical  power  supply,  assuming  one 
uses  readily-available  power  supplies  -  which  are  usually  not  well-matched  to  a  plasma  load.  In 
some  cases  the  power  supply  might  be  75-90%  of  the  plasma  reactor  cost.  This  cost  is  expected 
to  fall  with  the  development  of  better-matched,  state-of-the-art  power  supplies  and  operation  of 
the  plasma  reactor  at  more  optimal  treatment  conditions. 
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10.6.1  Figures  of  Merit 

A  useful  figure  of  merit  for  the  decomposition  of  pollutants  is  defined  by  the  energy 
delivered  to  the  plasma  per  hazardous  molecule  removed  from  the  gas  stream.  At  any  instant,  this 
can  be  expressed  as  the  following  quantity  obtained  by  solving  Equation  10.13  for  E  and  taking 
the  derivative: 


dE 

1  “  "  d[X] 


d[-p  ln( 


m 

[X]0 


)] 


d[X] 


[A]' 


(10.18) 


This  is  the  instantaneous  energy  cost  per  molecule  removed;  a  more  practically-useful  parameter 
is  the  integral,  or  average,  energy  cost  y 


r  = 


m0-m 


(10.19) 


here,  the  energy  cost  per  molecule  is  expressed  in  terms  of  the  3-value,  the  degree  of  removal, 
and  the  initial  concentration. 

When  radical  scavenging  dominates  radical-pollutant  attack,  Equation  10-18  indicates  that 
the  instantaneous  energy  cost  per  pollutant  molecule  removed  is  lower  when  the  pollutant 
concentration  is  high.  This  makes  intuitive  sense  because,  at  high  concentration,  active  species 
always  have  a  high  probability  of  reacting  with  a  target  molecule.  Equation  10-19  shows  that  the 
average  energy  cost  per  removed  molecule  is  lower  at  lower  degrees  of  pollutant  removal  and  at 
higher  initial  pollutant  concentration.  In  optimizing  reactor  performance,  one  can  conceive  of 
somehow  adjusting  the  active  species  concentrations  so  that  the  ratio  of  pollutant  concentration  to 
active-species  concentration  is  always  relatively  large.  This  way  the  probability  of  attack  is  high, 
while  both  the  specific  energy  E  and  the  degree  of  removal  ([X]/[X]0  ~  1)  are  low. 

When  radical-pollutant  attack  dominates  radical  scavenging,  the  P-value  derived  from 
Equation  10-14  is 

3  =  «  [X]0/G  .  (10- 

20) 

Inserting  this  into  Equation  10-19  shows  that,  in  this  case,  the  removal  energy  cost  is  independent 
of  the  initial  pollutant  concentration  and  can  be  expressed  as 


r  = 


m0-m 


21) 


10.6.2  Example  Cases 


(10- 
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As  an  example,  Figure  10.13  shows  a  plots  of  the  degree  of  removal  and  y  (versus  E)  for 
two  example  cases:  3  =  100  J/L  and  1  kJ/L  (for  the  scavenging-dominated  case).  The  y-value 
translates  into  an  actual  electrical  energy  cost  for  the  process.  Another  convenient  unit  for  the 
figure  of  merit  is  the  number  of  kilowatt-hours  required  to  remove  a  kilogram  of  hazardous 
compound  (i.e.,  kW-hr/kg).  For  a  y-value  of  50  eV/molecule  (a  model  TCE  mixture), 
approximately  10  kW-hr/kg  of  TCE  are  required.  At  an  electrical  energy  cost  of  50/kW-hr,  TCE 
removal  costs  about  50jzi  per  kg  (based  only  on  the  cost  of  electrical  energy  in  the  plasma  -  and 
not  including  the  efficiency  of  delivering  this  energy  to  the  plasma). 

As  an  example  of  the  case  where  radical  attack  is  dominant,  assume  a  90%  removal  of  the 
pollutant  and  a  G- value  of  10  radicals/ 100  eV.  The  average  pollutant  removal-energy  cost  is  then 
26  eV/molecule,  independent  of  the  initial  concentration. 

INSERT  FIGURE  10.13  NEAR  HERE 


10.6.3  Optimal  Removal  Energy  Costs 

To  reduce  the  average  removal  energy  cost  per  molecule,  Equation  10.19  shows  that  this 
can  be  achieved  by  reducing  the  P-value  (improving  the  efficiency  of  radical  generation  and 
reducing  the  effects  of  scavenging)  and  keeping  the  degree  of  removal  [X]/[X]0  low..  The  3- 
value  is  related  to  the  gas  mixture  and  the  reduced  electric  field  E/N  at  which  the  reactor 
operates,  so  these  variables  provide  some  control  over  the  removal  energy  cost. 

To  derive  the  optimal  y-value,  when  radical  scavenging  is  dominant,  we  take  the  limit  of 
Equation  10-19  at  very  low  degree  of  removal  (i.e.,  [X]/[X]o  ~  1) 
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(10.22) 


This  equation  shows  that  the  optimal  average  removal  cost  is  obtained  when  the  3-value  is 
as  low  as  possible  and  the  initial  concentration  [X]0  is  as  high  as  possible.  For  a  case  in  which  3  = 
100  J/L  and  [X]0  =  500  ppm,  yopt  =  46  eV/molec.  If  the  initial  concentration  were  doubled,  the 
removal  energy  cost  would  be  halved. 

In  the  case  in  which  radical  attack  is  dominant,  Equations  10-20  and  10-22  gives  an 
optimal  energy  removal  cost  of 


yopt=l/G.  (10- 

23) 

For  an  example  G-value  of  10  radicals/100  eV,  the  optimal  average  removal-energy  cost  is 
approximately  10  eV/molecule. 

10.7  Conclusions/Summary 

Many  VOCs  are  readily  attacked  by  the  free  radicals  and  other  active  species  generated  in 
pulsed-corona-  and  silent-discharge-excited  NTPs.  In  general,  the  degree  of  removal  of  a  par- 
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ticular  chemical  species  scales  exponentially  with  the  plasma  energy  density.  The  characteristic 
energy  density  that  must  be  supplied  to  the  active  plasma  volume  to  lower  the  concentration  of 
the  target  pollutant  to  1/e  of  its  original  value  depends  on  the  specific  pollutant  and  the  carrier  gas 
composition.  The  plasma-initiated  decomposition  chemistry  of  a  particular  compound  or  mixture 
can  be  quite  complicated  and  has  been  the  subject  of  both  laboratory  and  field  investigations. 
NTP  treatment  is  expected  to  be  particularly  advantageous  for  the  simultaneous  removal  of 
multiple  pollutants  or  for  pollutants  that  are  difficult  to  treat  with  conventional  technologies.  It 
should  be  emphasized  that  NTP  is  an  emerging  air-emissions  control  technology.  Very  few 
commercial  systems  exist.  Also,  for  many  emissions  applications  (chlorinated  and/or  fluorinated 
VOCs,  in  particular),  the  present  forms  of  NTP  technology  are  expected  to  be  energy  intensive  in 
terms  of  the  electrical  power  consumption  and  may  require  ancillary  equipment  (e.g.,  scrubbers) 
to  handle  treatment  byproducts.  The  stand-alone  application  is  only  about  a  decade  old; 
therefore,  more  work  is  needed  to  optimize  and  mature  the  process  for  widespread  commercial 
use.  Because  stand-alone  NTP  reactors  have  both  performance  and  economic  limitations,  some 
workers  in  this  field  have  proposed  the  use  of  staged  or  hybrid  systems  to  better  match  particular 
air-emissions  control  problems.  Hybrid  systems  may  be  the  future  path  for  improving 
performance,  economics,  and  the  match  to  the  emissions  stream. 

In  this  chapter,  we  have  described  the  formation  of  active  species  in  the  plasma,  presented 
a  simple  view  of  the  decomposition  chemistry,  discussed  some  representative  experiments  with 
pulsed  corona  and  silent  discharge  plasma  reactors,  have  formulated  a  simple  analytical  model  for 
pollutant  decomposition  and  derived  associated  removal  equations,  and  have  defined  and  derived 
figures  of  merit  for  plasma  reactor  energy  efficiency. 
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Figure  Captions 


Figure  10.1:  Schematic  diagrams  of  pulsed  corona  and  dielectric  barrier  non-thermal  plasma 
reactors. 

Figure  10.2:  Plot  of  typical  specific  energies  versus  gas  residence  time  for  pulsed  corona  and 
silent  electrical  discharge  reactors. 

Figure  10.3:  Representative  non-thermal  plasma  (negative  corona  and  dielectric  barrier  reactors) 
decomposition  plots  taken  from  the  literature,  (a)  Chlorobenzene  (C6H5CI)  in  synthetic  air,  after 
Krasnoperov  et  al  [10.48];  (b)  CFC-12  (CC12F2)  in  dry  air,  after  Skalny  et  al  [10.75];  (c)  TCE  in 
dry  air,  after  present  authors  and  Falkenstein  [10.47];  (d)  Methanol  (CH3OH),  after  Hsiao  et  al 
[10.38], 

Figure  10.4:  Electrical  schematic  diagram  of  pulsed  corona  apparatus  used  in  Los  Alamos 
experiments. 

Figure  10.5:  Voltage  and  current  waveforms  for  pulsed  corona  reactor  when  operating  with 
ambient-pressure  (~  580  torr),  room-temperature,  dry  air. 

Figure  10.6:  Electrical  schematic  diagram  of  ac-driven  dielectric-barrier  (silent  discharge)  reactor 
apparatus  used  in  described  experiments. 

Figure  10.7:  Typical  electrical  waveforms  for  silent  discharge  reactor:  (a)  Voltage  (V)  and 
transferred-charge  (Q);  (b)  Charge-voltage  (Q,V)  plot  (parallelogram  representing  deposited 
plasma  energy  per  cycle). 

Figure  10.8:  Schematic  diagram  of  analytical-chemistry  diagnostics  setup  for  pulsed  corona  and 
silent  discharge  experiments. 

Figure  10.9:  Measured  removal  plots  for  TCE  (200  ppm  in  dry  air),  comparing  pulsed  corona  and 
silent  discharge  reactors. 

Figure  10.10:  Measured  removal  plots  for  MEK  (1,000  ppm  in  dry  air),  comparing  pulsed  corona 
and  silent  discharge  reactors. 

Figure  10.1 1:  Example  plots  derived  from  the  simple  radical-initiated-decomposition  model,  for 
different  initial  pollutant  concentrations,  (a)  case  for  which  rate  of  radical  attack  dominates  rate  of 
radical  scavenging;  (b)  case  for  which  radical  scavenging  dominates  radical  attack.  Note  that  for 
the  second  case,  the  decomposition  plot  is  only  weakly  dependent  on  initial  pollutant 
concentration  and  that  the  dependence  increases  at  higher  degrees  of  removal. 

Figure  10. 12:  Example  plot  for  the  removal  of  methyl  chloride  (CH3C1)  by  OH  radicals,  derived 
from  the  simple  radical-initiated-decomposition  model  when  radical-radical  scavenging  is 
dominant. 

Figure  10.13:  Plots  of  the  degree  of  removal  and  removal-energy  cost  per  molecule  for  two 
example  (3-values,  in  the  case  in  which  radical  scavenging  is  dominant. 
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Table  10.1:  Example  Radical  Formation  Mechanisms 
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